Genomic variation and related evolutionary dynamics of human respiratory syncytial virus (RSV), a common causative agent of severe lower respiratory tract infections, may affect its transmission behavior. RSV evolutionary patterns are likely to be influenced by a precarious interplay between selection favoring variants with higher replicative fitness and variants that evade host immune responses. Studying RSV genetic variation can reveal both the genes and the individual codons within these genes that are most crucial for RSV survival. In this study, we conducted genetic diversity and evolutionary rate analyses on 36 RSV subgroup B (RSV-B) whole-genome sequences. The attachment protein, G, was the most variable protein; accordingly, the G gene had a higher substitution rate than other RSV-B genes. Overall, less genetic variability was found among the available RSV-B genome sequences than among RSV-A genome sequences in a comparable sample. The mean substitution rates of the two subgroups were, however, similar ( 
H
uman respiratory syncytial virus (RSV) is the leading cause of severe respiratory tract infections in infants under the age of 2 years (1) . Premature neonates and children with chronic pulmonary or congenital heart diseases are especially at risk, but immunocompromised adults and the elderly have also been reported as high-risk groups (2) (3) (4) . Individuals infected by RSV mostly suffer from rhinitis and common cold-like symptoms but can also develop serious pneumonia or bronchiolitis, thereby requiring hospitalization (5) . According to the Centers for Disease Control (CDC), RSV infections annually account for the hospitalization of up to 126,000 children and 62,000 elderly people in the United States alone (http://www.cdc.gov/rsv/about/faq.html). Seasonal epidemic outbreaks of RSV disease in Europe and North America occur during the winter and early spring months, with a peak incidence in December (6) . In tropical countries, there is a correlation between increased RSV infection rates and rainy seasons (7) . Relative humidity is an important factor for RSV activity, but the exact influence on the course of infection or on virus transmission dynamics is unknown (8) .
RSV is an enveloped, nonsegmented, negative-sense, singlestranded RNA virus of approximately 15,000 nucleotides that is classified in the genus Pneumovirus belonging to the family of Paramyxoviridae. The viral genome, which is surrounded by a nucleocapsid protein complex, encodes 11 proteins that have roles in three different stages of the RSV life cycle. The nucleocapsid protein (N), phosphoprotein (P), and large polymerase (L) and the transcription regulatory proteins M2-1 and M2-2 are essential mediators of the RSV transcription and replication processes (9) . Virus entry and assembly are mediated by the structural matrix protein (M), attachment glycoprotein (G), and fusion glycoprotein (F) (10, 11) .
Virus attachment occurs via binding of the immunogenic RSV G to the glycosaminoglycans (GAGs) of the host target cell (12, 13) . RSV entry into host cells is then mediated via the fusion protein, which requires enzymatic cleavage by furin-like proteases for RSV F activation (14) . RSV F alone can initiate infection, as proven with RSV G deletion mutants (15) . Recently, the structural small hydrophobic protein (SH) has been identified as a viroporin which permeabilizes the host membrane, suggesting facilitation of viral entry (16, 17) . This accessory structural protein is not pivotal for RSV infection and mainly accumulates in the lipid raft structures of the Golgi complex (18, 19) . Finally, RSV nonstructural proteins 1 and 2 (NS1 and -2) are host interference proteins that impair the antiviral state by impeding interferon activity (20) . In addition, the soluble truncated form of RSV G has been described as an antigen decoy in antibody-mediated neutralization, thereby impairing the antibody-mediated antiviral effects of Fc receptorbearing leukocytes (21) .
For RSV, two antigenic subgroups (A and B) have been identified via antibody cross-reactivity patterns and these were further classified into genotypes according to genetic divergence within the highly variable G gene (22) (23) (24) . The two subgroups can cocirculate, and RSV reinfections occur frequently throughout life, which indicates that there is only partial cross-immunity against different strains (25) . Initial infection with RSV-A is frequently followed by infection with RSV-B, but this order is not consistently observed (26) . It has been suggested that the antigenic variability of the G protein, both within and between the antigenic subgroups, particularly facilitates evasion of the preexisting host immune responses (27, 28) . Multiple genotypes can be present in one population, although new genotypes may replace older predominating genotypes in time over successive epidemic seasons (24, 29) . The heterogeneity in the genotypic distribution patterns observed among different populations is most likely influenced by variations in the herd immunity and also by community-specific cultural and behavioral patterns (30, 31) .
The pathogenesis and disease outcome of RSV infection are most likely determined by the course of the induced immune response (32) and the capacity of RSV to modify this response for its own benefits (e.g., through Toll-like receptor-signaling interference [33] ). This has been hypothesized on the basis of several vaccine studies, where the critical immune balance was negatively affected in numerous ways. Early vaccination attempts in children in the 1960s with a formalin-inactivated RSV vaccine resulted in enhanced disease severity upon subsequent virus exposure (34) (35) (36) (37) . It is thought that inadequate serum neutralizing-antibody levels, low CD8 ϩ memory T cell response, and enhanced CD4 ϩ memory T cell response were the consequences of this intensified disease profile (35, (38) (39) (40) (41) . Later vaccination attempts with live, attenuated RSV vaccines did not show similar respiratory disease exacerbation upon natural infection but nevertheless failed to provide appreciable protection from infection. From clinical-immunological data and the epidemiological profile of RSV, it is clear that this virus, which lacks clear-cut virulence factors, causes disease by modifying the host immune response in a way that affects pathogenesis and that it has typical seasonal transmission behavior. However, the association between RSV genetic diversity, RSV-induced immune responses, and the formation of specific epidemiological patterns remains poorly understood. Understanding fluctuations in the genetic diversity of viral populations that are driven by ecological and evolutionary processes could elucidate the roles of specific genes and proteins in RSV survival. In addition, knowledge of evolutionarily conserved domains or substitution hot spots could highlight potentially useful therapeutic targets. Phylodynamic analyses are increasingly used to infer viral population dynamics from phylogenetic patterns (42) . These analyses reveal the impact of both short-and long-term genomic evolutionary changes that enable viruses to escape from host immune responses and how these changes affect viral epidemic behavior. Although the molecular epidemiology and evolutionary dynamics of RSV have been extensively studied, these analyses have primarily focused on single genes-in particular, the G gene (43, 44) . Little is known about either the diversity or evolution rates of other genes or the RSV genome as a whole. Importantly, as has recently been demonstrated in many other virus groups, full-genome analyses can provide valuable insights into the processes that shape viral epidemiology and evolution (45) . Complete genome sequences from RSV clinical isolates have, however, been generated in sufficiently large numbers to facilitate such analyses only recently (46) (47) (48) , and that work is further extended with this study.
Here, we conducted phylodynamic analyses on a collection of RSV-B strains and present the first calculations made within the phylodynamic framework of RSV-B genomic diversity through time. In addition to detailed genome-wide genetic variability analyses, we inferred genome-wide evolution rates and estimate the time since the most recent common ancestor (TMRCA) of all the currently available RSV-B genome sequences. Furthermore, we compare these estimates with those previously made for RSV-A (48) . We show that whereas RSV-B genomes evolved with rates similar to RSV-A genomes, there is substantially less protein variability among currently sampled RSV-B strains, suggesting that these circulating RSV-B strains have a more recent ancestry due either to a chance fixation of a particular variant or to fixation of a variant harboring advantageous mutations. The observed differences in G, SH, and M2-2 gene variability between RSV-A and -B have the highest impact on this dissimilarity. As has been previously shown for RSV-A, the RSV G gene is evolving considerably faster than the remainder of the RSV genome-a finding that is consistent with evidence of both persistent and episodic diversifying selection in this gene. Whereas positive selection in the G gene likely reflects the impact of host immune responses, more pervasive evidence of purifying selection within the more conserved genes likely reflects selection favoring the optimization of viral replication and transmission.
MATERIALS AND METHODS
Clinical virus isolates and ethics statement. From 2002 to 2012, nasopharyngeal aspirates and nose-throat swabs were collected from 34 patients who were hospitalized in the Wilhelmina Children's Hospital of Utrecht, the Netherlands, or in the Gasthuisberg University Medical Hospital of Leuven, Belgium (see Table S1 in the supplemental material). At the time of sampling, 28 patients were under the age of 2 and 6 were adults ranging from 27 to 79 years of age. As part of the routine diagnostic process, collected samples were cultured and checked for the formation of syncytia in HEp2 cell cultures, a typical RSV phenotype. The anonymized clinical strains were used in this study according to the guidelines of the institutions' ethical committees (Medisch Ethische Toetsingsingscommissie [METC] for Dutch samples; Continuing Medical Education [CME] for Belgian samples), and the study was performed in concordance with Dutch privacy legislation. The institutional review board (IRB) confirmed (protocol 12/320) that viral strains are not regarded as patient owned and that the use of these strains is not restricted in the applicable Dutch law (Law Medical Scientific Research with People, Wet Maatschappelijke Ondersteuning [WMO]; article 1b).
Viral RNA extraction, cDNA synthesis, and real-time TaqMan PCR. Viral genomic RNA was directly isolated from patient material using MagnaPure LC total nucleic acid kits (Roche Diagnostics, Mannheim, Germany). Multiscribe reverse transcriptase (RT) kits and random hexamers (Applied Biosystems, Foster City, CA) were used for reverse transcription of isolated viral RNA. Subtyping of the RSV patient strains was achieved using real-time PCR on viral cDNA with primers and probes designed on the basis of highly conserved genomic regions of the N gene for RSV subgroups A (RSV-A) and B (RSV-B) as described by Tan et al. (48) .
Synthesis and sequencing of genomic RSV PCR fragments. Human RSV-B PCR fragments were obtained via fractional amplification of MagNAPure LC genomic RNA isolates using a Superscript III one-step RT-PCR system with a Platinum Taq High Fidelity kit (Invitrogen) according to the manufacturer's protocol and a 9800 Fast thermal cycler (Applied Biosystems). PCR products were purified from 1% agarose gels by the use of a GeneJET gel extraction kit (Fermentas) and were sequenced according the conventional Sanger technique. Fragments ranging between 650 and 1,400 nucleotides in length were sequenced on an ABI 3730 48-capillary DNA analyzer using BigDye Terminator 3.1 (ABI) and sequencespecific primers (see Table S2 in the supplemental material). Whole-genome sequences were assembled with these strain-specific PCR fragments by aligning them to the reference RSV strain, B1 (AF013254.1), using the computer program Seqman Pro (Lasergene 10 software; DNASTAR, Inc.).
Substitution analysis on the whole-genome and individual protein levels. Individual gene sequences were extracted from the whole-genome sequences of all individual RSV-B strains (34 RSV-B isolates and 2 reference RSV-B strains) in silico, using Seqman. Seaview4 was used to translate genes into protein coding sequences that were subsequently aligned with the EMBL-EBI ClustalW2-Multiple Sequence Alignment tool (49) . The sequence variability scores per gene and coding protein were calculated relative to the gene and protein consensus sequences, respectively, obtained from the data set of aligned clinical and reference strains. Genomic and protein substitutions per site were mapped using the Plot0.997 program (http://plot.micw.eu/). The NetNGlyc 1.0 server (shown to achieve correct prediction of 86% glycosylated and 61% nonglycosylated sites with an accuracy of 76%) (50) and NetOGlyc 3.1 server (shown to achieve correct prediction of 76% glycosylated and 93% nonglycosylated sites with an accuracy of 21%) (51) were used to predict the gain and loss of N-glycosylation and O-glycosylation sites, respectively. Previously described RSV-A genome sequences (48) were included in all these analyses for comparison with RSV-B-specific genetic variations. In addition, we analyzed previously obtained RSV-A data for evidence of O-glycosylation.
Data set assembly and recombination analysis. Analysis of RSV complete genome evolutionary dynamics was conducted on a data set containing a combination of newly obtained RSV-B isolates and strains from a recent study by Rebuffo-Scheer et al. (47) . The latter five full-genome sequences (JN032115 to JN032117 and JN032119 and JN032120) were derived from nasopharyngeal and nasal swabs collected from patients in the Milwaukee metropolitan area. A total of 41 RSV-B complete genomes were aligned using Mafft. Manual editing of the alignment was performed using Se-Al (available at http://tree.bio.ed.ac.uk/software/seal). Strain recombination was evaluated using the RDP, GENECONV, RECSCAN, MAXCHI, CHIMAERA, SISCAN, and 3SEQ recombination detection methods implemented in RDP3 (52) . Evidence of likely recombination events was considered robust only when these were detected by two or more different recombination detection methods together with evidence that different genome fragments apparently derived from different parental strains clearly fell within different clades of RSV-B phylogenetic trees. Two Dutch-Belgian RSV-B strains showed significant evidence of recombination. Since the analyses carried out in this study relied on accurate phylogenetic inference and a single phylogenetic tree cannot adequately describe the evolutionary history of recombinant sequences, we opted to remove the minor recombinant parts of these two genomes from the data set and replaced them by gaps in the alignment. These two strains were incorporated only in the data set for Bayesian inference and were not included in the substitution analysis.
The evolutionary dynamics of the G gene were investigated based on an alignment of the G gene partitions from our complete RSV-B genomes together with two other data sets previously evaluated by Zlateva et al. in 2005 (43) and Baek et al. in 2012 (53) (see overview of strains in Table S3 in the supplemental material). Zlateva et al. aligned 204 sequences encompassing the region of amino acid positions 58 to 299 of the G protein (according the AF013254 reference strain). Baek et al. aligned full-length G proteins of Korean origin. All RSV-B estimates obtained by the molecular evolutionary analyses were compared with recent published RSV-A estimates of molecular evolutionary analyses (48) .
Bayesian inference of the RSV-B evolutionary history. In order to determine whether there existed a clear temporal signal of nucleotide divergence within our complete genome data set, exploratory analyses were performed with the computer program Path-O-Gen (available at http://tree.bio.ed.ac.uk/software/pathogen/) (54), which performs a linear regression analysis of root-to-tip divergence of individual samples against their sample dates. For this purpose, we constructed a maximumlikelihood tree using PhyML (55) with a general time-reversible (GTR) substitution model and a discretized gamma distribution to model rate variation among sites. These exploratory analyses were performed with the exact sampling date (month and year) for our novel RSV-B genomes. Collection months were not available for the five sequences from RebuffoScheer et al. (47), so we set the sampling date at the midpoint of the reported sampling year.
The RSV evolutionary and demographic histories were reconstructed for both the whole-genome sequences and the G gene data set using Bayesian genealogical inference implemented in BEAST v1.7 (56) . Using Markov Chain Monte Carlo (MCMC) analyses, we estimated a posterior distribution of time-measured genealogies based on a full probabilistic model that included a nucleotide substitution model, a molecular clock model, and a coalescent model as prior distribution for the phylogenetic tree. We used the GTR substitution model with a discretized gamma distribution to model rate variation among sites. Substitution rate variability across the RSV genome was studied using a partition model that allowed for separate substitution rates for all individual genes and a single concatenated noncoding region. The best molecular clock model fit was assessed on the basis of marginal-likelihood estimates using path sampling (PS) estimators and stepping-stone (SS) estimators (57) . We compared strict and relaxed clock models that assume homogenous and heterogeneous substitutions rates across phylogenetic branches, respectively (58) . Tip ages of the five sequences with unknown exact sample date were estimated within a 1-year time interval with a uniform prior distribution (59) . With the Bayesian skyline plot model as a flexible demographic prior distribution, we analyzed the changes in the effective population size through time (60) . MCMC analyses were performed until convergence could be convincingly assumed according to evaluation with Tracer (available at http: //tree.bio.ed.ac.uk/software/tracer/). Marginal posterior distributions for evolutionary rates and times to the most common ancestors (TMRCA) of various sequence groups were summarized using means and 95% highest posterior density intervals (HPDs). A maximum clade credibility (MCC) tree annotated with divergence time and evolutionary rate summaries was used as a representation of the evolutionary history and visualized using FigTree (available at http://tree.bio.ed.ac.uk/software/figtree) (58) .
A genealogical test based on posterior predictive simulation was conducted in order to determine whether the posterior phylogenetic tree shapes deviated from neutral expectations (61) . In short, the tree shapes estimated by the Bayesian coalescent analysis were summarized with the genealogic Fu and Li statistic (D F ), which compares the length of the terminal branches to the total length of the coalescent genealogy and returns negative values for long terminal branch lengths. This in turn indicates an excess of slightly deleterious mutations on these branches and consequently a deviation from neutrality. Trees with the same tip numbers and the same tip ages and under the same neutral coalescent model as applied to the real data were randomly simulated by the posterior predictive simulation analysis. In this study, we used the genealogical neutrality test extension that allowed simulation of trees under the Bayesian skyline plot model (62) . On the basis of the frequency with which the D F of the inferred trees is more extreme than the D F of the simulated trees, we derived P values to test departures from neutrality.
Diversifying selection analyses. We identified diversifying selection in the G gene data using a combination of a fixed-effect-likelihood (FEL) approach (63), a recently developed renaissance counting (RC) procedure (64) , and a random-effect-likelihood (REL) approach (65) . The FEL method fits codon models to each site independently and uses a likelihood ratio test to assess whether a model assuming equal nonsynonymous and synonymous rates (d N ϭ d S ) can be rejected in favor of a model with different d N and d S rates. We used a P value Ͻ 0.1 to consider sites as diversifying in our consensus approach (see below). Estimates of sitespecific d N /d S ratios via the RC approach were obtained by combining stochastic mapping under nucleotide substitution models and empirical Bayes regularization. Neutrality was rejected and sites were considered to be under positive diversifying selection only when the 97.5% lower limit of the d N /d S cumulative density interval exceeded a value of 1. The REL approach fits a codon model to the entire alignment but allows the d N /d S ratio to vary among sites. We used the Akaike's information criterion to select the best-fitting codon substitution model (comparing the nonsynonymous and dual and lineage-dual models [65] ), and we identified positively selected sites using an empirical Bayes method with a log Bayes factor (ln BF) cutoff value of 3. The cutoff values for the three different approaches (FEL, RC, and dual REL) are fairly liberal, but we use a consensus approach in considering evidence for diversifying selection as advised by Kosakovsky Pond and Frost (63) , and in analogy to the method described in reference 48, we list only sites that are identified as under diversifying selection by at least two of these methods.
Whether diversifying selection in the G gene was pervasive or episodic was evaluated using the recently developed mixed-effects model of evolution (MEME) (66) . This model allows the d N /d S distribution to vary from site to site and, importantly, also from branch to branch at a specific site, thereby relaxing the assumption that the strength of natural selection is constant among all lineages. MEME extends the FEL approach by modeling two categories of lineage-specific d N rates for each site; one category has a d N Յ d S (ß Ϫ ), and the other category is characterized by an unrestricted d N rate (ß ϩ ). The codon substitution model that includes these categories of sites is tested against the same model in which also ß ϩ is constrained to values below or equal to 1. We reported only sites identified as evolving under diversifying selection with an associated P value Յ 0.05. For these sites, we list the ß ϩ estimate and the proportion of branches estimated to be part of this d N rate class (p ϩ ). Nucleotide sequence accession numbers. The nucleotide sequences from the Dutch and Belgian RSV-B isolates were deposited in the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank/index.html) under accession numbers JX576729 to JX576762. Previously documented prototype RSV-B reference strains B1 (AF013254) and 9320 (AY353550) plus RSV-A strains JQ901447 to JQ901458, JX015479 to JX015499, A2 (M74568), Long (AY911262), Line19 (FJ614813), and RSS-2 (NC_ 001803) were included in genomic and protein substitution analysis studies. All sequence alignments used in this study are available upon request.
RESULTS

Protein substitution mapping of RSV-A and RSV-B strains.
For each RSV protein, the amino acid residue changes within 34 Dutch-Belgian RSV-B clinical strains (see Table S1 in the supplemental material) and two reference laboratory strains were mapped to determine the protein substitution density (Fig. 1 ). Changes were relative to the consensus of all aligned RSV-B strains, and the degree of variation with respect to the consensus was indicated as the percentage of sequence variability per protein.
The overall variation within RSV-B proteins is much lower than that previously described for RSV-A (48). This is clearly reflected by the greater amount of sites that are substituted among the RSV-A subgroup and the greater number of RSV-A strains having a substitution at one unique site. The G protein is the most variable RSV-B protein, with 2% to 12% variation compared to less than 5% variation in the other 10 proteins. In comparisons of variation between the RSV subgroup A and B consensus sequences, the structural proteins SH and G and the accessory transcription regulation protein M2-2 displayed the highest sequence variability (35%, 53%, and 45%, respectively).
Since the SH and G proteins can be glycosylated, a process that might affect their folding and function, variations in glycosylation were studied both for these proteins and for the more conserved RSV F glycoprotein that is essential for initializing RSV infection. Predicted glycosylation patterns show remarkable differences between the G, F, and SH proteins derived from subgroup A and B strains.
Insertions and deletions alter N-and O-glycosylation predictions in the RSV-B G protein. The highly immunogenic RSV G protein binds to glycosaminoglycans (GAGs) of the host target cell to facilitate subsequent virus-host fusion (12, 13) . Amino acid residues at sites located in the highly variable domains present in the ectodomain of the G protein are most prone to substitutions in both RSV-A and RSV-B strains ( Fig. 2A) . The high degree of amino acid sequence variation found in these RSV G domains, also designated the mucin-like regions, indicates that there are more relaxed selective constraints operating on these regions, which may allow molecular adaptation without loss of protein function. These regions act as pathogenicity factors and are characterized by the high prevalence of serine and threonine residues, which allow the binding of O-linked glycans (67) . The central conserved domain, which contains the immunogenic domain, the tumor necrosis factor receptor (TNFr) homologous region, and the CX3C chemokine motif, displays only substitutions at individual sites that are unique to single RSV-B sequences. This conserved part of the ectodomain is also marked by the absence of N-glycosylation (Fig. 2B) or O-glycosylation (Fig. 2C) sites. Specifically, N-glycan binding sites were predicted for RSV G asparagine residues 86, 144, 256, 276, 290, 294, 296, 308, and 310 within the RSV-B data set. The first N residue (N86) is predicted to be glycosylated in all RSV-B strains, while only a single strain was predicted to have glycosylation potential at N144 or N256 due to NKP-to-NKS sequon changes for N144 or a K256N substitution, respectively. The N-glycan binding residues at positions 276, 290, 294, and 296 all contain an asparagine residue (underlined) within the same PENTPNXXQTPASE acceptor sequence context. Variations in the sequence coordinates of this asparagine residue are the consequence of deletions and insertions located upstream of this acceptor sequence in various sequences (Fig. 3) . The majority (33 of 36) of the studied RSV-B strains have the duplication regions of 240 to 259 (ERDTSTPQSTVLDTTTSKHT) and 260 to 280 (ERDTSTSQSIXXDTTTSKHT), but in the two reference strains AF013254 and AY353550 and in the clinical strain P03-000005, the second 260-to-280 sequence is missing. On the other hand, the sequences from strains 02-000467, 02-028215, 03-000005, 05-001965, AF013254, and AY353550 have a PK insertion in the 155-to-164 (PPKKPKDDYH) sequence. Asparagine residues with similar acceptor sequences were found for N308 and N310 as well, which correspond to the N-glycosylation site in the STSNST C-terminal ectodomain sequence. This acceptor sequence needs to be followed by additional amino acids, which give alternative RSV G sequence ends (Fig. 3) and are necessary for glycosylation potential, because strains lacking these extra residues are not predicted to be N-glycosylated at STSNST.
The total number of predicted O-glycosylation sites in the G protein is 36% higher for RSV-B strains than for RSV-A strains, and these sites are all present in the ectodomain of this protein.
The O-glycan binding site at residue T4 is found in more than 80% of known RSV-A strains and is exceptional in that it lies within the cytosol domain of the attachment protein. However, this site is not present in the reference strains.
N-Glycan binding sites are exclusively predicted in the F2 domain of the highly conserved fusion protein. Virus-host membrane fusion mediated via the enzymatic activated fusion protein occurs directly after host attachment via RSV G (14) . RSV F is highly conserved among the RSV-B strains and, as with the other proteins, contains fewer substitutions than its RSV-A counterpart. Variability is particularly restricted to the signal peptide sequence of the F2 domain. In the RSV-B sequences, the asparagine residues at sites 27, 70, 116, 120, and 126 in the F2 domain are predicted to have N-glycosylation potential in all strains sequenced in this study. This is different within the RSV A strain data set, where some strains lack glycosylation potential at N120 (48) . Despite the fact that none of the RSV-B strains have a predicted N-glycosylation site at N500 (N-glycosylation potential Ͻ 0.5), this specific site, with sequon NQS in both RSV-A and -B, has previously been shown to be glycosylated according to in vitro experiments (68) .
Although rich in threonine and serine residues, the fusion protein is the only protein among the three RSV structural glycoproteins for which no O-glycosylation sites were predicted. This is in strong contrast with the attachment protein of RSV and may contribute to the low level of molecular variation in RSV F.
Comparison of N-and O-glycosylation in the SH protein of subgroup A and B strains. SH is a small hydrophobic type II integral membrane protein that acts as a viroporin in ion channel formation (16, 17) , thereby enhancing host membrane permeability. It is not pivotal for RSV infection (18) , and the amino acid substitutions observed within this protein are mainly located in the C-terminal ectodomain. The O-glycosylation predicted for the SH protein at threonine position T64 of RSV-A strains is missing in the RSV-B subgroup strains. The difference of one amino acid in protein length, between subgroup A (64 amino acids [aa]) and subgroup B (65 aa), is most likely the cause of either the O-glycosylation potential loss at the last C-terminally located threonine in RSV-B strains or the gain of an O-glycan binding site in RSV-A strains. The asparagine residues at positions 3 and 52 in the SH proteins of RSV-A and RSV-B are predicted to be N-glycan binding sites. However, the reference RSV-B strain, B1, lacks N-glycosylation at N52, which is most likely caused by a K53N substitution at the second position of the NKT glycosylation sequon. The T4 residue is a predicted O-linked glycan site for all RSV strains. For RSV-B strain 08-045420, the three additional O-glycosylation sites, S5, T7, and T8, were predicted to have sugar binding potential as well. It is unclear why the S5 and T7 sites, which are present in all RSV-B strains, are specific potential glycosylation sites in 08-045420. The I8T substitution in this specific strain, however, is predicted to have created a new O-linked glycan site, which could also influence the sugar acceptor potential for the other two sites.
M2-2 protein transcription variants differ between RSV subgroups A and B.
The transcription regulatory protein, M2-2, acts as a switch from RNA transcription to genome replication during the RSV infection cycle and is tightly regulated by the M2-1 protein (69, 70). M2-2 can be transcribed in different truncated forms via a ribosomal termination-dependent reinitiation mechanism (71) . Of the alternative start codons at positions 1, 3, and 7 described for RSV-A strains, only those at positions 1 and 7 are present in all RSV-B strains included in this study. Nevertheless, the first methionine is, in some RSV-A strains, also substituted by a threonine or proline residue, which is predicted to result in the transcription of only the truncated M2-2 forms.
The phylodynamic history of RSV-B. Plotting the root-to-tip divergence as a function of sampling time for each RSV-B genome clearly showed a temporal nucleotide divergence signal for the RSV-B complete genomes sampled over the last 10 years (Fig. 4) . Although this analysis is exploratory in nature, a comparison with RSV-A already suggests a number of interesting aspects. First, the regression lines are roughly parallel, which indicates similar rates of evolution. Second, the levels of divergence from the root are considerably higher for RSV-A than for RSV-B, implying a shorter TMRCA for the latter, which offers an explanation for the overall lower degrees of genomic variability among the analyzed RSV-B genomes. Finally, the regression analyses also suggest lower variability in evolutionary rates among lineages for the RSV-B genomes.
The root-to-tip divergence analysis clearly justified the application of a dated tip molecular clock model during a Bayesian evolutionary reconstruction. Strict and relaxed clock models were compared using two different approaches to compare model fit in a Bayesian framework ( Table 1 ). The best model fit was indicated by the highest log marginal-likelihood estimate (in bold in Table  1 ). Both the path sampling and stepping-stone sampling approaches, which have been shown to be the most accurate Bayesian phylogenetic model selection methods (57) tree branches based on genomic sequences. This is in line with the root-to-tip regression exploration and argues for the use of the strict clock model for further analysis of these data. However, for the G gene data set that includes many more RSV-B strains (43, 47, 53) , this assumption had to be rejected and a relaxed clock model was required to accommodate rate variation among lineages. The estimated posterior tree distribution for the genome-wide RSV-B data set represented by a maximum clade credibility tree did not provide evidence for geographical or strong temporal clustering of the RSV-B genomes (Fig. 5) . Strains from several different epidemic seasons are present in the same clusters, and the Milwaukee strains are phylogenetically interspersed with the Dutch-Belgian genomes. The MRCA of the RSV-B genome phylogeny dated back to approximately 1993 (95% credibility interval [CI 95%], 1991 to 1995; Table 2 ), which is, as suggested by the linear regression analyses, considerably later than estimates for a similar sample of RSV-A genomes (1964; CI 95%, 1956 to 1973 [48] ). The shorter TMRCA for RSV-B explains why we observed lower genetic diversity over the complete genome, but this does not appear to be the result of a lower rate of evolution because the (48) .
In light of the short TMRCA, we studied the clustering of the strains for which complete genomes are available in the G gene data set (data not shown). This revealed that these strains also coalesce into a single internal node that dates back to 1994 (CI 95%, 1992 to 1995) whereas the root of the G gene tree is dated back to 1955 (CI 95%, 1946 to 1960) ( Table 2) . So, whereas a recently obtained RSV-A full-genome sample appeared to be representative of the strain diversity in G gene phylogeny (48) , the RVS-B sample represents the progeny of a more recent ancestor within the complete strain diversity. This could represent a chance fixation in a largely neutral epidemiological scenario, or it may reflect the fixation of a variant with advantageous mutations. This also impacts the classification of recent RSV-B strains; according to the G gene tree, the GB13 lineage is predominant among the Dutch-Belgian strains, and only strain 03-000005 belongs to another lineage (GB12).
To further investigate the impact of this fixation event on RSV-B population dynamics, we reconstructed the change in relative genetic diversity through time using a Bayesian skyline plot model in our Bayesian genealogical inference for both the G gene and full-genome data sets (superimposed in Fig. 6 ). This reveals a noticeable degree of variation in relative genetic diversity through time, including a contraction and expansion between 2002 and 2008. From the full-genome sample, we reconstructed only the recovery dynamics due to the absence of samples prior to 2002. The increase in relative genetic diversity from the early 1990s in the G gene skyline might also reflect such a bottleneck event because the paucity in samples before this time hampers the reconstruction of the complete ancestral diversity. The timing of such a potential bottleneck event coincides with the MRCA of the strains for which complete genomes are available in the G gene data set.
It is important to point out that, as is the case with RSV-A, the RSV-B attachment protein gene appears to have a significantly higher substitution rate than the RSV-B full genome (Table 2) (43, 44) . The variability in evolutionary rates across RSV genomes was further determined for all the various gene partitions and the combined noncoding regions via the Bayesian estimation approach in order to individually identify the impacts of different genes on the genome-wide substitution rate (Fig. 7) . In analogy to the previous RSV-A results, considerably elevated substitution rates were observed in the noncoding regions and G gene, while the other genes were more conserved in both RSV subgroups. Relatively high G gene variability (1% to 8% variability; Fig. 8 ) and the associated relatively high substitution rate estimate (almost 3-fold higher than that estimated for other genes), which was in line with previous estimates (44) , indicate that either there is a general relaxation of negative selection (i.e., selection disfavoring change) acting on this gene or there are various codons within this gene that are evolving under positive selection (i.e., selection favoring change).
Patterns of natural selection acting at individual sites. Sites within the RSV G protein that are potentially evolving under conditions of diversifying selection were identified by querying nonsynonymous/synonymous substitution rate ratios (d N /d S ) at each codon position of the G-protein gene using the FEL, RC, and REL methods (Table 3) . Of the 11 sites identified by at least two of these three methods as displaying evidence of diversifying selection, only sites 224 and 230 (marked in bold) were significantly supported by all three of the methods. As has been previously found with RSV-A, most of the 11 sites were within the two hypervariable regions of the G protein ectodomain. However, sites 50 and 53 are part of the transmembrane domain. In general, the methods applied here to study site-specific selective patterns identify sites that are under pervasive diversifying selection (i.e., diversifying selection in most lineages of the phylogeny). However, the RC, FEL, and REL methods cannot efficiently detect episodic diversifying selection, which involves diversifying selection of specific sites in a restricted number of branches in the phylogeny with either neutral or negative selection occurring at these sites along the remaining branches. Therefore, MEME analysis was conducted to discriminate between these two kinds of diversifying selection. In total, 10 sites were identified to be under diversifying selection by MEME (with an associated P value Յ 0.05). Five of these sites, which are apparently evolving under diversifying selec- tion across a considerable proportion of branches in the phylogeny (p ϩ ), were also identified by two of the three other selection detection methods (marked in bold in Table 4 ) and can therefore be considered sites under pervasive diversifying selection. All other sites detected via MEME are evolving under diversifying selection across only small numbers of subsets of branches in the phylogeny (ß ϩ ) and are thus identified as evolving under episodic diversifying selection.
Testing genealogical departures from neutrality. To assess the impact of diversifying selection in the G gene on RSV-B circulation patterns, we performed a genealogical test of neutrality using posterior predictive simulation. Phylogenetic tree shapes de- duced from complete genome Bayesian inference were compared to those simulated with the same population dynamics and under a model of neutrality. This test indicated that neutrality could be rejected at the population level for the complete genome RSV-B data set (P ϭ 0.01). This is in contrast with the RSV-A population, which did not show departures from neutrality (P ϭ 0.24) (48) . Although the data approach statistical significance, neutrality cannot be convincingly rejected when the large data set of the highly variable G gene is considered in the predictive simulation (RSV-B P ϭ 0.06; RSV-A P ϭ 0.08).
DISCUSSION
Here we have used 34 RSV-B full-genome sequences sampled between 2002 and 2012 to infer genome-wide mutation density maps and nucleotide substitution rates and compared these with those determined previously for RSV-A (48) . Although the identified substitution hot spots closely resemble those detected for RSV-A, particular differences may reflect RSV subtype-specific variation in replication and/or immune evasion strategies and could therefore be helpful in explaining RSV subtype-specific differences in transmission dynamics and epidemiology.
As with RSV-A, most sequence variability within RSV-B strains was detected in the intergenic noncoding regions and the G gene; in the G gene, high nucleotide sequence variability correlated with an elevated amino acid substitution rate. In contrast with the RSV-A strains analyzed to date, the G genes from RSV-B strains showed a high frequency of nucleotide insertions and deletions within the G ectodomain. The highly variable and immunogenic G protein has been previously suggested to be susceptible to neutralizing antibodies; this might drive the selection of strains carrying immune escape mutations within the ectodomain (72) .
In contrast to the results seen with RSV-A strains, we did not observe high variability in the M2-2 gene in the RSV-B strains studied. Comparing RSV-A and RSV-B gene products, the highest protein sequence variation between these subtypes was found between the G, SH, and M2-2 proteins. For the SH protein, variation is mainly caused by C-terminal polymorphisms in the ectodomain, which were more common among RSV-A strains. Apparently, the impact of immunogenic pressure on the evolution of other RSV genes is far less substantial since these genes show high degrees of conservation. However, even low substitution rates in these genes could still have a large effect on viral fitness and the course of RSV transmission dynamics. It is therefore entirely relevant to map substitutions in conserved regions to both support future research into the biological functions of the various RSV proteins and inform the development of preventive and therapeutic approaches. In the latter case, it is particularly relevant to compare RSV-A and RSV-B variations in efforts to develop protective strategies that are effective against all RSV infections.
Amino acid site alterations that are correlated with either changes in N-and O-glycosylation potential or susceptibility to antibody neutralization can trigger RSV phenotypic differences. Such differences might include increased RSV infectiousness through adaptation to host defenses and altered transmission dynamics. Although we explicitly recognize the urge to experimentally confirm the true nature of glycosylation predictions, we also feel that the in silico assessment of N-and O-glycosylation potential on the extended whole-genome database presented here yields an excellent starting point for further in-depth analyses throughout the RSV field. We show that RSV-A and -B strains contain similar numbers of predicted N-glycan binding sites, although the exact glycosylation sites vary greatly due to substantial sequence variability within and between the two subgroups. Only two sites, N86 and N294, were found predominately in the G protein of RSV-B strains. The latter asparagine position was indicated as N276, N290, and N296 within other strains of the RSV-B subgroup due to deletions or insertions in upstream sequences. Binding sites for N-glycans on the fusion protein of RSV-B strains were largely similar to those predicted for RSV-A strains, with binding potential being predicted for all of the analyzed RSV-B strains. In contrast to the findings of Zimmer et al. (68) , neither the asparagine residue at position N500 in the RSV-B strains nor the homologous asparagine in RSV-A strains had any predicted glycosylation potential. Zimmer et al. showed that glycosylation at this site was required for efficient syncytium formation. This repeatedly emphasizes the requirement for in vitro analysis to verify predicted glycosylation sites. O-glycosylation was predicted only for the RSV attachment protein where it potentially occurs mainly in the mucin-like regions of this protein. Surprisingly, the T4 O-glycan binding site in the cytosolic domain of the G protein was predicted for 80% of the RSV-A strains, but it was not detected in either the reference strains or any of the analyzed RSV-B strains. Relative to the RSV-B strains, the RSV-A strains contained fewer sites with O-glycan binding potential. Furthermore, the RSV F protein, which is rich in threonine and serine residues, also appears to lack the potential to be O-glycosylated. Since the extensive glycosylation of the G protein may shield these viruses from immune recognition, the conserved F protein, with its minimal degree of glycosylation, is possibly more suitable as a target for intervention strategies. RSV-B evolutionary rates and demography were analyzed using Bayesian phylogenetic techniques based on a recombinationfree whole-genome sequence data set. Two of the RSV genomes in our initial data set showed some evidence of potential recombination. Since genomic recombination in RSV is believed to be extremely rare (73) , it is most likely that these recombinants arose as a result of PCR or sequencing artifacts. We removed the genomic parts that appeared to be inherited from minor parental strains from these mosaic genomes and treated them as unobserved sequences for further phylogenetic, population genetic, molecular clock, and selection analyses.
For both the RSV-B strains analyzed here and the RSV-A strains analyzed previously, it is evident that strains isolated from different geographical regions tend to have a phylogenetically mixed distribution within the RSV phylogeny. This indicates that there is no strong long-term geographical or temporal structuring of RSV populations.
Nevertheless, the RSV-B strains we sampled coalesced into a relatively recent root of the complete genome phylogeny (dated back to 1993 [CI 95%, 1991 to 1995]) as well as into an internal node with similar age in the G gene phylogeny. As a consequence of the relatively recent TMRCA, all except one of the RSV-B strains (03-000005) in this study belong to the GB13 clade. The relatively recent ancestry was not the case for the RSV-A genome sample, which appeared to be representative of the complete diversity in the corresponding G gene tree. This recent TMRCA may be the result of a chance fixation of a variant or a variant driven to fixation by some advantageous mutation in its genome. The Bayesian skyline plot reconstructions indicated that such fixations could impose population genetic bottlenecks, which can result in relatively constant levels of genetic diversity over longer time scales. The fact that we were able to detect these dynamics for RSV-B and not for RSV-A may be due to differences in sampling. Whereas the RVS-B complete-genome sample was restricted to 2002 to 2012, the RSV-A data set contained a considerable amount of strains sampled in 1998, which increases the probability of capturing more ancestral diversity. Also, despite the fact that there does not seem to be strong geographical clustering of RSV-B diversity, additional sampling from different locations may be useful to further elucidate RSV population dynamics.
As with the RSV-A strain data set, the majority of RSV-B genes are apparently evolving under pervasive negative selection against a background of neutrally evolving sites. Both pervasive positive selection and episodic diversifying selection were, however, readily detectable within the G gene. Of the 11 positively selected sites identified by the RC, FEL, and REL methods, only five sites were confirmed by the MEME method to be evolving under pervasive positive selection. In addition, MEME identified episodic selection at four other sites. This novel method for selective pressure analyses is less sensitive to the influences of sequence sampling and to false identification of diversifying selection. Surprisingly, besides the fact that most diversifying selection was detected in the highly variable mucin-like regions of the RSV-B G gene, some positively selected sites were also found in the cytosolic domain (site 18), transmembrane domain (sites 50 and 53), and the more conserved region of the ectodomain (sites 160 and 187). This contrasts with the patterns of positively selected sites previously observed for RSV-A strains for which positive selection was primarily found in the mucin-like regions. Also, in contrast to RSV-A strains, we did not detect any positively selected sites in RSV-B that might directly influence N-glycosylation.
According to the genealogical tests of neutrality, the genetic bottlenecks are still compatible with population turnover corresponding to neutral expectations for the G gene evolutionary history even though the test approaches significance (P ϭ 0.06). This was similar to the situation observed with the RSV-A data set (48) . Although it would be useful to explore other genealogical test statistics in the posterior predictive simulation, such as a recently proposed temporal clustering statistic (74) , which may prove more sensitive in detection of departures from neutrality, it is clear that population turnover is not as pervasive and selection driven as that observed for human influenza A virus (62) and norovirus GII.4 (61) . Neutrality was, however, rejected for the completegenome RSV-B data set, but since this focuses on a smaller time scale that accommodates one of bottleneck events observed over longer time scales (Fig. 6 ), it remains difficult to make strong conclusions based on this. The exclusive accumulation of neutral substitutions in the G gene and the diversifying selection detected in multiple RSV G domains suggest that there are relaxed evolutionary constraints on this gene. Therefore, the RSV G protein may not be the best target for effective vaccines as it is not expected to induce functional B cell-mediated immunity.
For the determination of the evolutionary rate, as well as for constructing a phylogenetic tree for the genotyping of RSV strains, the whole-genomic approach followed both in this paper and in that of Tan et al. (48) yielded results that were broadly consistent with those obtained from analyses of the G gene partitions. From that perspective, a conclusion that G gene analysis is an appropriate choice for molecular epidemiology studies might be justified. This is due to the fact that the G gene accounts for the majority of genomic variation, which in turn is mainly situated in regions of the gene encoding the highly variable mucin-like regions of the G protein. Most likely, the only structural and functional requirement for these regions is the presence of heavily glycosylated amino acids. However, the whole-genome analyses presented in this paper and that of Tan et al. (48) revealed potentially important aspects of M2-2, F, and SH gene diversity, information that would have remained undisclosed when focusing solely on the G gene.
In summary, RSV-A and RSV-B whole-genome evolutionary analyses have revealed that these subgroups have similar evolutionary rates and display comparable degrees of conservation. In both subgroups, the G gene is exceptionally variable and displays elevated substitution rates compared to other genes. In both subgroups, the high substitution rates observed in this gene are at least in part due to the fact that a substantial number of residues are evolving under diversifying selection. Despite sporadic instances of positive selection, the majority of accumulating substitutions are likely neutral in both subgroups. This implies that the high degrees of RSV G gene diversity are not entirely driven by the evasion of adaptive host immunity. Individuals attempting to acquire immunological memory only weaken their immunological balance, ironically decreasing their tolerance to RSV and increasing the probability of experiencing more severe disease. Overall, the high degrees of G protein variability, its likely extensive glycosylation, and evidence that various of its amino acids are evolving under diversifying selection imply that the G protein might not be as good a target for prevention/intervention strategies as the more conserved F protein, which displays far less evidence of glycosylation and diversifying selection.
At present, this report represents the broadest conceivable RSV genome analysis, which provides us with unique information on the degree of genetic conservation and the existence of natural genomic variants. These data constitute a key source for further extensive research in the field of RSV protein structure-function analyses and immune regulatory onset studies and are highly valuable for specific peptide selection in therapeutic development studies.
